To compare the photochemical properties of UV filter molecules present in the human lens (kynurenine, KN; 3-hydroxykynurenine, 3OHKN; 3-hydroxykynurenine O-␤-D-glucoside, 3OHKG; 4-(2-aminophenyl)-4-oxobutanoic acid, AHA; and glutathionyl-kynurenine, GSH-KN) with the use of the following parameters: excited singlet lifetime S , fluorescence quantum yield ⌽ fl , triplet quantum yield ⌽ T , and photodecomposition quantum yield ⌽ dec . METHODS. The excited singlet lifetimes were measured with the use of fluorescence upconversion (time resolution, 210 fs) and pump-probe transient absorption (time resolution, 200 fs) methods. The fluorescence quantum yields were determined relative to an aqueous solution of quinine bisulfate. The triplet quantum yields were measured with the use of nanosecond laser flash photolysis. The photodecomposition quantum yields were determined by steady state photolysis followed by the high-performance liquid chromatography analysis. RESULTS. The secondary UV filters-AHA and GSH-KN are better photosensitizers than the primary ones-KN, 3OHKN and 3OHKG: the singlet state lifetimes of the secondary UV filters are longer, and the quantum yields of fluorescence and triplet state formation are higher. CONCLUSIONS. With aging, the ratio primary/secondary UV filters in the human lens decreases from approximately 10:1 to 2:1. The obtained results demonstrate that the quality of the secondary UV filters is inferior compared to the primary ones, which may result in a higher susceptibility of old lenses to UV light. That might be an important factor for the development of the age-related cataract. (Invest Ophthalmol Vis Sci. 2011;52: 7687-7696)
T he human eye lens contains low-molecular-weight compounds that absorb UV light in the 300 to 400 nm region of the spectrum, protecting the lens and retina from UVinduced photodamage. The most abundant UV filter molecules are kynurenine (KN), 3-hydroxykynurenine (3OHKN), 3-hydroxykynurenine O-␤-D-glucoside (3OHKG), 4-(2-amino-3-hydroxyphenyl)-4-oxobutanoic acid glycoside (AHBG), and glutathionyl-3-hydroxykynurenine glycoside (GSH-3OHKG). [1] [2] [3] [4] [5] [6] [7] [8] By origin, UV filters can be divided into primary and secondary filters. The primary filters-KN, 3OHKN, and 3OHKG-are enzymatically synthesized from tryptophan in the epithelial cells of the lens and are transported to the lens core by diffusion. 1, 9 These compounds can undergo spontaneous deamination, forming unsaturated carboxyketoalkenes. 10, 11 The reduction of deaminated 3OHKG leads to the formation of AHBG, and the addition of the reduced glutathione to deaminated 3OHKG yields GSH-3OHKG. 10, 12, 13 The concentrations of these UV filters in the lens vary with age. In young lenses, the levels of the primary filters 3OHKG, KN, and 3OHKN are high, whereas GSH-3OHKG is practically absent. 5 With age, the concentrations of 3OHKG, KN, and 3OHKN decay by approximately 12% per decade, whereas the concentration of GSH-3OHKG increases, and, in old lenses, it becomes as high as the concentration of the most abundant UV filter, 3OHKG. 5 Thus, the concentration ratio of primary/secondary filters decreases with age. If the photochemical properties of primary and secondary UV filters differ, that may influence the susceptibility of the eye to UV irradiation.
The goal of this work was to compare the photochemical properties and photostability of primary and secondary UV filters. Among the major UV filters found in the human lens, only the photochemistry of KN has been studied in detail, 11,14 -21 some data can be found on 3OHKN 14, 17, 19, [21] [22] [23] and glutathionyl-kynurenine 19, 24 (GSH-KN), whereas the photochemical properties of 3OHKG and AHBG have not been reported yet. It has been shown that the S 1 lifetime of KN amounts to 30 ps in aqueous solutions, increases by more than one order of magnitude in alcohols, and exceeds 1 ns in aprotic solvents such as DMSO and DMF. 21 The main channel of the S 1 state deactivation in protic solvents is solvent-assisted internal conversion, based on the hydrogen bonding interactions between KN in the S 1 state and the solvent molecules. Excitation of KN results in an increase in the electron density on the carbonyl oxygen that augments the acidity of the amino group and the basicity of the carbonyl group, which, in turn, leads to an enhancement of their hydrogen bonding ability. The stretching vibrations of the hydrogen bonds act as accepting modes for the S 1 ¡S 0 nonradiative transition and thus the electronic energy dissipates through the hydrogen bonds as vibrational energy. 21 In an extreme case of hydrogen bond stretching, an intermolecular proton transfer may occur, result-ing in the protonation of the carbonyl group and deprotonation of the amino group and followed by ultrafast back proton transfer. Because all UV filter compounds have similar structures, one can expect the same mechanisms of S 1 state deactivation, but the rate constants and quantum yields of various deactivation channels of the S 1 state can differ for the different UV filters.
Whereas KN and 3OHKN are commercially available, the other UV filters-3OHKG, 4-(2-aminophenyl)-4-oxobutanoic acid (AHA, an analog of AHBG) and glutathionyl-kynurenine (GSH-KN, an analog of GSH-3OHKG)-had to be synthesized. The following parameters have been taken as a measure of the quality of the UV filters: excited singlet lifetime S , fluorescence quantum yield ⌽ fl , triplet quantum yield ⌽ T , and photodecomposition quantum yield ⌽ dec . The measurements for all five UV filters were performed under as similar conditions as possible to minimize systematic errors. The obtained results are discussed in relation to the abundance of primary and secondary UV filters in lenses of different age.
METHODS

Materials
D,L-Kynurenine (KN) was purchased from Fluka (Buchs, Switzerland), and 3-hydroxy-D,L-kynurenine (3OHKN) was obtained from SigmaAldrich (St. Louis, MO) and purified by semipreparative HPLC. Acetobromo-␣-D-glucose (ABG; Sigma-Aldrich) was used as received. H 2 O was distilled and deionized. Methanol was distilled and dried over molecular sieves.
The KN adduct of glutathione (GSH-KN, Chart 1) was synthesized according to a method 19, 25, 26 described earlier: D,L-Kynurenine sulfate salt (33.3) mg was dissolved in 20 mL of phosphate buffer at pH 9.5, GSH was added in a 10-fold molar excess. The pH was readjusted to 9.5 with NaOH. The solution, placed in a glass vial, was bubbled with argon, sealed, and incubated at 37°C for 48 hours. After adjusting the pH to 4.5 with hydrochloric acid (HCl), the reaction mixture was separated by semipreparative HPLC. The adduct-containing fraction was lyophilized and stored at Ϫ18°C.
The synthesis of 3OHKG was performed similarly to the procedure described elsewhere. 27, 28 3OHKN (14.6 mg) was dissolved in 2 mL MeOH, the pH was adjusted to 10.6 by the addition of NaOH dissolved in MeOH. ABG (95 mg) was added, the pH was readjusted to 10.6 and maintained between 10.4 and 10.9 during the whole synthesis. The reaction mixture was stirred with a magnetic stirrer for 7 hours. As the pH value stabilized, more portions of ABG were added to the solution, the total amount of added ABG being approximately 400 mg. The reaction was neutralized with HCl and the resulting mixture was rotovapped to dryness. The water-soluble fraction was extracted with approximately 5 mL H 2 O, and separated by semipreparative HPLC. The 3OHKG-containing fraction was collected, lyophilized, and stored at Ϫ18°C.
The synthesis of AHA was performed similarly to a published procedure.
7 CKA (57.4 mg) was dissolved in a mixture composed of 8 mL ethyl acetate and 14 L acetic acid. PtO 2 (3.5 mg) was added. The solution was bubbled with hydrogen and stirred with a magnetic stirrer for 9 hours. The reaction mixture was filtered and rotovapped to dryness. The water-soluble fraction was extracted with approximately 5 mL H 2 O, and separated by semipreparative HPLC. The AHA-containing fraction was collected, lyophilized, and stored at Ϫ18°C.
The identities of GSH-KN, 3OHKG, and AHA were verified by mass spectrometry with the use of an ion trap (Esquire6000; Bruker Daltonics, Billerica, MA). The acquisition parameters were the following: positive scan mode in the range of 50 to 1000 m/z, V cap 4000 V; nebulizer pressure, 15 psi; and drying gas (N 2 ) temperature, 300°C. 
High-Performance Liquid Chromatography
HPLC separations were performed with a chromatograph (LC 1200; Agilent, Santa Clara, CA) equipped with an automatic gradient pump and a UV-Vis diode array detector.
The HPLC analysis of the irradiated samples was performed on a 4.6 ϫ 150-mm, 5-m C18 analytical column (ZORBAX Eclipse XBD; Aglient), using an acetonitrile/0.05% (vol/vol) TFA in H 2 O gradient. The acetonitrile percentage in the gradient was 0% (0 -5 minutes), 0% to 20% (5-5.01 minutes), 20% to 60% (5.01-25 minutes), 60% to 100% (25-26 minutes), 100% (26 -30 minutes), 100% to 0% (30 -31 minutes), and 0% (31-40 minutes). The flow rate was 0.5 mL/min, the injection volume was 20 L, and the detection was performed simultaneously at five wavelengths: 254, 280, 360, 390, and 450 nm for GSH-KN, AHA, and KN and 254, 280, 372, 390, and 450 nm for 3OHKN and 3OHKG. The chromatograms were recorded and the peak areas integrated (ChemStation for Windows; Agilent).
Semipreparative HPLC was used for the separation of newly synthesized UV filters (GSH-KN, 3OHKG, and AHA) and was performed on a 16 ϫ 250-mm, 7-m C16 preparative column (Diasorb- The flow rate was 5.0 mL/min, the injection volume was 1 mL, and the detection was performed simultaneously at the same wavelengths as mentioned above.
The purification of commercially available compounds (KN and 3OHKN) was performed on a 16 ϫ 250-mm, 7-m preparative column (Diasorb-130-C16-TX; BioChimMac), using acetonitrile/ 0.05% (vol/vol) TFA in H 2 O gradient. The acetonitrile percentage in the gradient was 0% (0 -5 minutes), 0% to 20% (5-6 minutes), 20% to 60% (6 -25 minutes), 100% (25-30 minutes), 0% (30 -30.01 min), 0% (30.01-40 minutes). The flow rate was 5 mL/min, the injection volume was 1 mL, and the detection was performed simultaneously at five wavelengths: 280, 360, 372, 400, and 480 nm.
Steady State Absorption and Fluorescence
Absorption spectra were recorded with spectrophotometers (Agilent 8453; Hewlett-Packard, La Jolla, CA, and Cary 50; Varian, Palo Alto, CA); fluorescence spectra were measured with a fluorometer (Cary Eclipse; Varian). All fluorescence spectra were corrected for the wavelength-dependent sensitivity of the detection. For all measurements, a 10 ϫ 10-mm 2 quartz cell was used, and the absorbance of the samples was below 0.1 at the absorption maximum.
Femtosecond-Resolved Fluorescence
The fluorescence dynamics was measured using the fluorescence upconversion setup described in detail elsewhere. 29 Briefly, part of the output of a tunable mode-locked Ti:Sapphire laser (MaiTai; Spectra Physics-Newport Corp., Irvine, CA) was frequency doubled and used to excite the sample at 390 nm. The polarization of the probe pulses was at the magic angle relative to that of the gate pulses at 780 nm. The fluorescence was gated by sum-frequency mixing with the fundamental of the oscillator output. The upconverted UV photons were directed into a monochromator and detected by a photomultiplier tube with photon-counting electronics. The sample solutions were kept in a 1.0-mm-thick spinning cell and they had an absorbance of ϳ0.2 at the excitation wavelength. The full width at half-maximum (FWHM) of the instrument response function was ϳ210 fs.
Femtosecond-Resolved Pump-Probe Transient Absorption (TA)
The experimental setup has been described in detail elsewhere. 30, 31 Excitation was performed at 400 nm, using the frequency-doubled output of a standard 1-kHz amplified Ti:Sapphire system (Spectra Physics-Newport Corp.). The pump intensity on the sample was ϳ1.5 mJ/cm 2 . Probing was achieved with a white-light continuum obtained by focusing a small fraction of the 800-nm pulses in a CaF 2 plate. The polarization of the probe pulses was at the magic angle relative to that of the pump pulses. All spectra were corrected for the chirp of the white-light probe pulses. The FWHM of the instrument response function was ϳ200 fs. The sample solutions were placed in a 1-mm-thick quartz cell where they were continuously stirred by N 2 -bubbling. Their absorbance at the excitation wavelength was ϳ0.2.
Laser Flash Photolysis (LFP)
Our LFP setup is described elsewhere 32, 33 and has recently been upgraded. Briefly, solutions, placed in a rectangular cell (inner dimensions 10 mm ϫ 10 mm), were irradiated with either an Nd:YAG laser (pulse duration 8 ns; 532 nm: pulse energy up to 225 mJ; 355 nm: pulse energy up to 135 mJ; and 266 nm: pulse energy up to 65 mJ Quanta-Ray LAB-130-10; Newport Corp.) or an excimer laser (pulse duration, 15-20 ns; 308 nm: pulse energy up to 100 mJ; Lambda Physik EMG 101; Coherent, Inc., Santa Clara, CA;). In the present work, only the excimer laser was used. A fraction of the laser beam was split by a quartz plate and directed to a photodiode for triggering the oscilloscope and to a power meter (1918-C; Newport Corp.) for the permanent monitoring of the laser energy. The dimensions of the laser beam at the front of the cell were 2.5 mm ϫ 8 mm. The monitoring system includes a xenon short-arc lamp (model DKSh-150, Stella ltd., Moscow, RF) connected to a high-current pulser, a monochromator (78025; Newport Corp.), a photomultiplier (9794B; ET Enterprises, Ltd., Uxbridge, UK), and a digital oscilloscope (WaveRunner 104MXi; LeCroy, Chestnut Ridge, NY). The monitoring light, concentrated in a rectangular of 2.5-mm height and 1-mm width, passed through the cell along the front (laser irradiated) window. Thus, in all experiments the excitation optical length was 1 mm, and the monitoring optical length was 8 mm. All peripheral devices (lasers, shutters, monochromator, power meter, and digitizer) were computer controlled. All solutions were bubbled with argon for 10 minutes before and during irradiation.
Steady State Photolysis
The solutions for steady state photolysis were prepared in a phosphate buffer (pH 7.0), the UV filter concentrations (near 0.7 mM) were adjusted in such a way that all solutions had the same absorbance of A ϭ 3.0 at the absorption maxima for a 1-cm optical path. The samples were placed in NMR glass tubes (5 mm outer diameter) and irradiated with a mercury lamp (model 1000; DKSH). The sample volume was 1 cm 3 . A water filter cut off infrared light. The wavelength region from 300 to 400 nm was selected with a set of ultraviolet glass filters. The solutions were bubbled with argon for 10 minutes before and during irradiation. During the irradiation, samples (16 L) were periodically taken off the solution by a syringe and stored at Ϫ20°C until use. These samples were diluted with water up to 200 L and analyzed by HPLC.
Actinometry was performed with an aqueous solution of potassium ferrioxalate, according to standard methods. 34 The light intensity at the sample in the 300 to 400 nm region was equal to (1.9 Ϯ 0.2)ϫ10 18 quanta per second.
Quantum Chemical Calculations
Ground-state gas-phase geometry optimization was performed at the density functional theory (DFT) level, using the B3LYP functional 35 and a [3s2p1d] basis set. 36 Electronic vertical excitation energies were computed with time-dependent density functional theory (TD-DFT) using the same functional and basis set. 37 The calculations were performed using Turbomole version 6.0.
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RESULTS
Steady State Measurements
The absorption and emission spectra of the studied UV filters were measured in aqueous-buffered solution (phosphate-buffered saline, PBS [pH 7.4]). The spectra of all UV filters are similar with an absorption maximum near 360 nm and an emission maximum near 490 nm (Fig. 1) . The exceptions are 3OHKN and 3OHKG, for which both absorption and fluorescence maxima are red-shifted to ϳ370 and ϳ550 nm for 3OHKN, and to ϳ365 and ϳ505 nm for 3OHKG, respectively. This shift can be attributed to the presence of the oxygen substituent on the phenyl ring. The smaller shifts observed with 3OHKG can be explained by the glycoside moiety that reduces the influence of the oxygen on the aromatic system.
The fluorescence quantum yields of the UV filters, ⌽ F , measured relative to quinine bisulfate (⌽ F ϭ 0.55), 39 are listed in Table 1 . The values for KN, 3OHKN, and GSH-KN are in a good agreement with those published earlier.
21,24
Time-Resolved Fluorescence Measurements
Fluorescence time profiles of the UV filters in PBS were recorded after 390-nm excitation and 540 nm detection at a magic angle over different time windows up to 500 ps. The normalized time profiles within the first 200 ps are shown in Figure 2 . Except for 3OHKN, all UV filters exhibit an initial increase lasting some picoseconds, followed by a monotonic decay (Fig. 2, inset) . The rising signal is due to solvent relaxation, which leads to a dynamic Stokes shift of the fluorescence spectrum. According to our previous studies of KN and its adducts, the solvent relaxation of KNs predominantly occurs in two stages: (1) diffusive motion of the solvent molecules around the excited UV filter molecule, typically ϳ1 ps in aqueous solution and (2) conformational changes of UV filter geometry in the excited state, approximately 4 to 10 ps, depending on the substituent. 21, 24 The time resolution of the experiment is not sufficient for the inertial part of solvation, that takes place in Յ100 fs, to be resolved. In the case of 3OHKN, the solvent relaxation is hidden by the fast decay of the excited state population.
The obtained data were analyzed using the sum of four exponential functions convolved with the Gaussian-like instrument response function. The best fits are presented as smooth lines in Figure 2 , and the time constants and amplitudes are listed in Table 2 (the sum of amplitudes was normalized to unity). The first two components can be attributed to the relaxation dynamics in the excited state as mentioned above, and the third component to the S 1 state lifetime. The last exponential function was added for a proper description of the fluorescence from impurities and products formed during the measurements (the amplitude of this component was small for all UV filters; Table 2 ). For 3OHKN, good agreement between experimental data and calculations was achieved, using three exponential functions. 
Femtosecond TA Measurements
The TA spectra of the UV filters in PBS solution were recorded after 400 nm excitation. Selected spectra are presented in Figures 3 A1-E1 for KN, 3OHKN , 3OHKG, GSH-KN, and AHA, respectively. In all spectra, the main positive TA band exhibited a blue shift followed by a monotonic decay. As discussed earlier, 21, 24 the observed TA bands are a superposition of S 1 ¡S n absorption and S 1 ¡S 0 stimulated emission bands, the latter being the origin of a negative feature around 600 nm. The observed blue shift is due to a solvent-induced red shift of the stimulated emission band and, probably, a blue shift of the S 1 ¡S n absorption band. 21, 24 The TA spectra were analyzed globally using the sum of three exponential functions and an offset value y 0 , accounting for the signal arising from minor long-lived impurities present in the solution and/or products formed during the measurements. Only two exponential functions were necessary to reproduce the evolution of TA spectra measured with 3OHKN. The obtained time constants are listed in Table 2 , and the decay associated spectra (DAS), A 1 (), A 2 (), and A 3 () are displayed in Figure 3 . For all UV filters, the fast components A 1 () and A 2 () exhibit similar shapes with positive and negative bands, indicating a decay on the low-energy side of the spectrum and a rise on the highenergy side of the spectrum. These components can thus be attributed to a dynamic Stokes shift, in full agreement with our previous investigations. 21, 24 The third component corresponds to the S 1 state lifetime with a characteristic time constants 3 similar to the values obtained in the fluorescence measurements. In the case of 3OHKN, the second component of the solvation dynamics was not properly resolved, because of the fast decay of the S 1 state population; the A 1 () spectrum should be assigned to a cumulative Stokes shift dynamics and the A 2 () spectrum to the decay of excited state population, the corresponding time constants being listed as 1 and 3 in Table 2 . In Table 1 , the S 1 state lifetimes of the photoexcited UV filters are given as average values of the time constants obtained in time-resolved fluorescence and TA measurements.
Nanosecond Laser Flash Photolysis: Triplet Quantum Yield Measurements
The measurements of the triplet quantum yield were performed by comparing the results of direct and acetone-sensitized photolysis under anaerobic conditions. The sample for the direct photolysis contained 9.5 ϫ 10 Ϫ4 M KN and 1.2 ϫ 10 Ϫ2 M acetone in phosphate buffer (pH 6.9). Acetone was added to the solution as an electron scavenger to prevent the formation of kynurenine electron adduct KNH ⅐ , which can be generated in the solution due to biphotonic ionization of KN followed by electron addition to KN ground state. 17 In this solution, the absorbance of KN at 308 nm in the 1 cm cell was A KN ϭ 0.85, and that of acetone was A Ac ϭ 7.3 ϫ 10 Ϫ3 (i.e., most of the incident light was absorbed by KN). For convenience, this solution will be called low-acetone (LA) samples. The second sample (high-acetone HA samples), prepared for the sensitized photolysis, contained 2.2 ϫ 10 Ϫ4 M KN (A KN ϭ 0.20) and 1.39 M acetone (A Ac ϭ 0.85)-that is, the absorbance of acetone was much higher than that of KN in this sample, and this absorbance is equal to the absorbance of KN in the LA sample. The samples were irradiated by 308-nm laser pulses, and the transient absorption was measured at 430 nm (absorption maximum of the KN triplet state 16, 17 ). The general scheme of the reactions occurring under 308-nm laser irradiation of the sample, containing mixture of KN and acetone, is the following:
Reaction 2 can be ignored in the photolysis of the HA samples. At low laser energies (i.e., at low triplet 3 Ac concentrations) and sufficiently high KN concentrations, reaction 3 can also be ignored, and reaction 5 is slow compared to reaction 4. A kinetic trace obtained under such experimental conditions (laser energy 0.32 mJ) is shown in Figure 4 , trace 1. This trace can be reproduced with a biexponential function:
where the larger rate constant corresponds to the population of the triplet state of KN (reaction 4), the smaller one to the decay of the triplet state population (reaction 5), and the value A to the absorption of the total amount of 3 KN formed in the reaction. The approximation of the second-order reaction 5 by the exponential function does not lead to a significant error, since only the initial part of the kinetic trace is taken into account.
In the photolysis of LA samples, the absorption of KN at 308 nm is two orders of magnitude greater than that of acetone. Nevertheless, one can see that the formation of the triplet KN by direct photolysis (⌬A observed immediately after the laser pulse; Fig. 4 , trace 2) is comparable with that due to the acetone-sensitized photolysis (signal growth from 0 to 1 s). Apparently, this observation should be attributed to the low triplet quantum yield of the direct KN photolysis, whereas the efficiency of the acetone-sensitized photolysis under experimental conditions is close to 100%. The kinetic traces obtained in the photolysis of the LA samples were analyzed using the following function:
where the value (B Ϫ C)-in other words, the initial transient absorption observed immediately after the laser pulse-was attributable to the absorption of 3 KN formed by direct photolysis (reaction 2). The triplet quantum yield in the direct KN photolysis, ⌽ T , was determined presuming a 100% efficiency of the acetone-sensitized photolysis:
Here E LA and E HA are the laser energies used in the photolysis of the LA and HA samples. The measurements were performed (Table 2) , and the offset value y 0 corresponds to the time-independent component of kinetics.
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with several laser energies ranging from 0.32 to 3.4 mJ (for HA samples) and from 6.2 to 40 mJ (for LA samples). For both types of samples, linear dependences of A versus E HA and (B Ϫ C) versus E LA were observed. The average value of the triplet yield was found to amount to ⌽ T ϭ (7.0 Ϯ 1.7) ϫ 10 Ϫ3 . The triplet quantum yields of the other UV filters were measured in a similar way, with the exception of 3OHKN, whose triplet absorption above 400 nm is too low for a reliable detection 17 and which overlaps with the absorption of the starting compound at shorter wavelengths. These results are summarized in Table 1 . Figure 5 shows the kinetics of UV filter decomposition measured on exposing the deaerated samples to continuous UV irradiation. During the initial period of irradiation, all samples exhibited a linear decay of the concentration versus time. When the UV filter concentration decayed below 50%, the photodecomposition rate decreased. This can be accounted for by two effects: the decrease of the starting compound absorption and the increase of the photoproduct absorption. Thus, the calculations of the photodecomposition quantum yield ⌽ dec were performed with the linear part of the kinetic curves only (Fig. 5, straight lines) . The ⌽ dec values were calculated as the ratio of the total quantity of the UV filter molecules converted into photoproducts over a period to the quantity of the light quanta absorbed by the sample over the same period (Table 1) .
Photodecomposition Quantum Yield
DISCUSSION
The initial step of most photochemical reactions is the population of the first singlet excited state of a molecule, either on direct S 1 4S 0 excitation or after S nϾ1 4S 0 excitation and subsequent internal conversion. The main decay pathways of the S 1 state population are internal conversion (IC) and fluorescence to the ground state, and intersystem crossing (ISC) into the triplet state. IC is the most desirable decay pathway of the S 1 state of the UV filters contained in the lens: the absorbed light energy is transferred to heat without damaging the absorber or the surrounding molecules. Fluorescence is an undesirable process as one does not need extra light inside the eye.
ISC is a harmful channel because molecules in the triplet state are relatively long-lived and reactive species, which can react with other molecules inside the lens.
As demonstrated in earlier publications 21, 24 and in this work, the main decay channel of the UV filter S 1 states in aqueous solutions is a very fast hydrogen-bond-assisted IC, 21 which accounts for more than 99% of all absorbed light quanta. Thus, the excited singlet lifetime S and the triplet yield ⌽ T are closely connected quantities determining the "quality" of UV filters: an absorber with the shorter S produces fewer triplet molecules, and, consequently, is less photoactive and more photostable. Indeed, Table 1 reveals an obvious correlation between the S and ⌽ T values: the primary UV filters KN, 3OHKN, and 3OHKG are characterized by shorter singlet lifetimes and smaller triplet quantum yields than the secondary filters AHA and GSH-KN.
The difference between KN, 3OHKN, and AHA is apparently connected with the presence of the hydroxyl group in 3OHKN and the absence of the amino group in AHA. For a better understanding of the influence of these substituents on the photophysics of KN and related compounds, quantum chemistry calculations at the DFT level have been performed with KN, 3OHKN, and AHA. For KN and 3OHKN, the calculations were done starting with the zwitterionic form (i.e., the protonated amino group and deprotonated carboxylic group). However, the gas-phase geometry optimization resulted in both cases to the neutral form as the most stable one; the same effect for KN was recently reported. 40 Clearly, water is needed to stabilize the zwitterionic form. However, calculations with water are quite demanding because of the occurrence of H bonds, whereas the gas-phase results yield a qualitative explanation for the differences in the excited-state lifetime. TD-DFT calculations with KN predict the first transition at 328 nm with a dipole moment of 2.5 D. This blue shift relative to the observation could be accounted for by the lack of solvation shell. This transition is associated with a one-electron HOMO-LUMO transition. Figure 6 shows that this transition is associated with a decrease in the electron density on the aromatic amino group and an increase on the carbonyl group. This confirms the charge transfer (CT) character of this transition and the strengthening of the H-bond on the carbonyl group in the excited state.
Very similar results were obtained with 3OHKN. The first transition, predicted at 333 nm (2.5 D), involves a one-electron HOMO-LUMO transition as well. Figure 6 shows that the electronic density at the aromatic OH group decreases on excitation. The hydroxyl group seems thus to somewhat increase the CT character of this transition compared with KN. Indeed, the difference of electronic density on the carbonyl oxygen between HOMO and LUMO seems slightly larger for 3OHKN than for KN (the density on the oxygen is smaller on the HOMO of 3OHKN than on the HOMO of KN). This small difference could lead to slightly stronger H-bonds with the solvent and thus might account for the shorter excited-state lifetime of 3OHKN.
The results obtained for AHA were quite different. The first transition predicted at 313 nm with a dipole moment of 2.1 D is described by a combination of HOMO-LUMO (65%) and HOMO-1-LUMO (27%) transitions (Fig. 6) . Whereas the first transitions of KN and 3OHKN are pure HOMO-LUMO CT transitions, this transition in AHA has intrinsically less CT character because of a substantial contribution from the HOMO-1-LUMO transition, which is instead an n* transition. Because of this smaller CT character, the H-bonds between AHA in the S 1 state and the solvent molecules should be weaker than for KN and 3OHKN.
These calculations appear to give some rationale to the decreasing excited state lifetime observed by going from AHA to KN and to 3OHKN. This trend correlates well with the increase of electronic density on the carbonyl oxygen on photoexcitation, which is the driving force for the fast hydrogen bond-assisted IC. The increase of electronic density on the carbonyl oxygen is the weakest with AHA because the transition is not a pure * with a high CT character but possesses some n* character. On the other hand, it is the strongest in 3OHKN because of the presence of the hydroxyl group.
The relatively long S 1 state lifetime of GSH-KN probably has a steric rather than an electronic origin. It has recently been shown 24 that all adducts of KN to amino acids have noticeably longer S 1 lifetimes than KN itself. The bulky substituent near the carbonyl group most likely partially blocks its exposure to the solvent molecules, and, as a consequence, weakens intermolecular hydrogen bonds. As a result, the efficiency of the solvent-assisted IC decreases, and the S 1 state lifetime increases.
The values of the fluorescence quantum yield correlate well with the singlet lifetimes: the secondary UV filters AHA and GSH-KN produces stronger fluorescence than KN, 3OHKN, and 3OHKG. We should notice however that the fluorescence of all compounds under study is rather low, and the presence of even small amounts of fluorescent impurities can introduce a significant error in the fluorescence quantum yield measurements. Thus, the obtained ⌽ fl values should only be considered as indirect manifestations of the UV filter qualities.
The triplet quantum yield value ⌽ T ϭ (7.0 Ϯ 1.7)ϫ10 Ϫ3 , obtained here for KN, is more than twice lower than the value ⌽ T ϭ 0.018 Ϯ 0.004 published by one of our groups 6 years ago. 16 Inspection of the previous data revealed that a major source of error 16 was the neglect of the contribution of biphotonic processes in the direct KN photolysis. Indeed, the measurements were performed at relatively high laser energies, without the addition of the electron scavenger acetone. As a result, the electron adduct of KN was formed due to the FIGURE 6. Frontier molecular orbitals of KN, 3OHKN, and AHA drawn at the 0.02 AU level. The calculations were performed at the density functional theory level (DFT), using the B3LYP functional and a [3s2p1d] basis set. biphotonic ionization of KN followed by the addition of the solvated electron to KN in the ground state. This gave a substantial contribution to the observed absorption at 430 nm. Thus, the previously published value for ⌽ T was overestimated.
The photodecomposition quantum yield is a generic parameter, which depends not only on the photochemical properties of the parent compound, but also on the properties of photoproducts, which can absorb UV light and facilitate the decomposition of the starting material. That is most likely the case for 3OHKN, because among all the UV filters studied here, it has the shortest S 1 lifetime, and yet its decomposition yield is almost three times as high as that of KN. Indeed, under irradiation, a 3OHKN solution rapidly turns yellow.
The difference in the photoactivity of the UV filters can be very important for the susceptibility of the human eye to UV irradiation. In young human lenses, the concentration of the most abundant UV filter, 3OHKG, varies between 300 and 600 nmoles/g, whereas in 80-year-old lenses, the level of 3OHKG decreases to 30 to 150 nmoles/g. 5 At the same time, the GSH-3OHKG content, which is near the detectable level in the young lenses, rises to 30 to 120 nmoles/g in 80-year-old lenses. 5 The AHBG level does not change significantly with age, being 20 and 80 nmoles/g in young lenses and 10 to 50 nmoles/g in old ones. 5 Altogether, the primary/secondary UV filters ratio can be estimated as approximately 10:1 in young human lenses, whereas in old lenses it falls to approximately 2:1. As we demonstrate here, the quality of the secondary UV filters is inferior compared to primary ones, which makes the old lenses more susceptible to UV light. Beside this, old lenses contain a significant amount of UV filters covalently linked to the lens proteins, 26, [41] [42] [43] and the quality of kynurenines bound to proteins are much worse than that of the free UV filters (i.e., the singlet lifetimes are longer, and the fluorescence and triplet quantum yields are higher). 24, 44, 45 Apparently, in a complex biological system that is the human lens many other factors can influence the susceptibility to UV light-in particular, the coloration of the lens proteins due to posttranslational modifications and the abundance of antioxidants which can deactivate photoexcited molecules. Nevertheless, our results indicate that the UV protection of old lenses is weaker than that of young ones, which might be an important factor for the development of the age-related cataract.
